The progenitors of cerebellar GABAergic interneurons proliferate up to postnatal development in the prospective white matter, where they give rise to different neuronal subtypes, in defined quantities and according to precise spatiotemporal sequences. To investigate the mechanisms that regulate the specification of distinct interneuron phenotypes, we examined mice lacking the G1 phase-active cyclin D2. It has been reported that these mice show severe reduction of stellate cells, the last generated interneuron subtype. We found that loss of cyclin D2 actually impairs the whole process of interneuron genesis. In the mutant cerebella, progenitors of the prospective white matter show reduced proliferation rates and enhanced tendency to leave the cycle, whereas young postmitotic interneurons undergo severe delay of their maturation and migration. As a consequence, the progenitor pool is precociously exhausted and the number of interneurons is significantly reduced, although molecular layer interneurons are more affected than those of granular layer or deep nuclei. The characteristic inside-out sequence of interneuron placement in the cortical layers is also reversed, so that later born cells occupy deeper positions than earlier generated ones. Transplantation experiments show that the abnormalities of cyclin D2 -/-interneurons are largely caused by cell-autonomous mechanisms. Therefore, cyclin D2 is not required for the specification of particular interneuron subtypes. Loss of this protein, however, disrupts regulatory mechanisms of cell cycle dynamics that are required to determine the numbers of interneurons of different types and impairs their rhythm of maturation and integration in the cerebellar circuitry.
INTRODUCTION
The different types of GABAergic interneurons of the cerebellar cortex and nuclei derive from a common pool of multipotent progenitors (Leto et al., 2006) , which upregulate the transcription factor Pax2 during their last mitosis (Weisheit et al., 2006; Leto et al., 2009 ). These progenitors originate from the medial region of the cerebellar ventricular neuroepithelium (VN) (Mizuhara et al., 2010) , but delaminate to the prospective white matter (PWM), where they continue to divide up to postnatal development (Zhang and Goldman, 1996; Maricich and Herrup, 1999; Milosevic and Goldman, 2002) . Different interneuron populations are generated in the PWM according to a precise inside-out positional sequence, in which cell identity and laminar placement are temporally related to the neuron birthdate. Fate choices, however, are not definitively established in dividing progenitors, and postmitotic cells exposed to heterochronic environments are still able to acquire host-specific interneuron identities (Leto et al., 2009 ).
This peculiar mechanism that creates a variety of phenotypes from a single source implies that the PWM provides spatiotemporally patterned instructive signals to generate different neuronal categories at defined developmental stages. Furthermore, the different interneuron phenotypes must be produced in precise quantities: for each interneuron of the cerebellar nuclei there are about 35 Golgi cells, and 950 basket and stellate neurons (Altman and Bayer, 1997) . Nevertheless, the mechanisms that determine the specification and regulate the numbers of cerebellar GABAergic interneurons remain unclear.
Several studies indicate that defects of cell cycle regulation significantly influence the differentiation of specific neuron populations (Glickstein et al., 2007b; Sakagami et al., 2009; Lee et al., 2010) . In particular, mice that lack the G1 phase-active protein cyclin D2 (Ccnd2) show a hypomorphic cerebellum, with a reduced number of granule neurons and virtually no stellate cells, whereas other types of GABAergic interneurons are preserved (Huard et al., 1999) . The selective lack of one class of interneurons suggests that cyclin D2 could be required for the specification of this phenotype. Alternatively, however, as stellate cells are the latest interneurons generated during cerebellar ontogenesis, their absence could reflect a premature exhaustion of the progenitor pool. To discriminate between these possibilities, we have compared the genesis of GABAergic interneurons in wild-type and Ccnd2 -/-cerebella. We show that lack of cyclin D2 actually impairs the production of all interneuron categories. In mutant cerebella, mitotic activity of PWM progenitors is dramatically reduced and the differentiation of GABAergic interneurons is considerably delayed. Furthermore, transplantation of Ccnd2 -/-cells to wild-type cerebella (and vice versa) shows that these abnormalities are due to cell-autonomous mechanisms. Therefore, loss of cyclin D2 does not impair the acquisition of specific interneuron phenotypes, but severely disrupts the whole process of interneuron genesis and maturation.
MATERIALS AND METHODS

Animals and surgical procedures
Homozygous cyclin D2-null mice [originally produced by Sicinski et al. (Sicinski et al., 1996) ] are infertile and the line was maintained in heterozygosis after backcrossing into C57BL/6 background over ten times.
Ccnd2
+/-mice were bred to produce wild-type and homozygous null littermates. Genomic DNA was extracted from tail snips using standard protocols and examined by PCR-based genotyping using primers for wildtype and null alleles (Sicinski et al., 1995; Sessa et al., 2008) . Heterozygous Ccnd2 +/-mice were also crossbred with Pax2/GFP mice (Pfeffer et al., 2002) , in which the reporter is selectively expressed in all cerebellar interneurons up to adulthood (Weisheit et al., 2006) . Wild-type recipients in transplantation experiments were C57BL/6 mice.
Surgical procedures were performed under deep general anaesthesia obtained by intraperitoneal administration of ketamine (100 mg/kg; Ketavet, Bayer) supplemented by xylazine (5 mg/kg; Rompun, Bayer) or diazepam (2.5 mg/kg; Roche). The experimental plan was designed according to the European Communities Council Directive (86/609/EEC), the NIH guidelines and the Italian law for care and use of experimental animals (DL116/92), and was approved by the Italian Ministry of Health and the Ethical Committee at the University of Turin.
Transplantation experiments
Donor cells were isolated from Pax2/GFP wild-type or Ccnd2 -/-mice of different ages and grafted to wild-type or mutant cerebella (see Table S2 in the supplementary material), as described (Jankovski et al., 1996; Carletti et al., 2002) . A single-cell suspension (1 l at a final concentration 5ϫ10 4 cells/l), obtained by mechanical dissociation of embryonic cerebellar primordia or of postnatal cerebella, was pressure-injected through a glass capillary into the cerebella of recipient mice.
Histological procedures
Under deep general anaesthesia, the mice were transcardially perfused with 250 ml of 4% paraformaldehyde in 0.12 M phosphate buffer (pH 7.2-7.4). The brains were immediately dissected, postfixed overnight at 4°C and transferred to 30% sucrose in 0.12 M phosphate buffer. The cerebella were cut in 30 m parasagittal cryostat sections. Immunofluorescent staining of wild-type and mutant sections was performed in parallel to minimize interexperiment variability. Primary antibodies were dissolved in PBS, with 1.5% normal serum and 0.25% Triton X-100, and incubated overnight at 4°C with: anti-parvalbumin (1:1500, Swant), anti-Pax2 (1:200, Zymed), anti-calbindin (1:1500, Swant); anti-Ki67 (1:1000, Abcam); anti-GFP (1:700, Invitrogen), anti-BrdU (1:500, Sigma); anti-caspase 3 (1:200, Euroclone) or anti-Sox2 (1:1500, Chemicon). The sections were exposed for 1 hour at room temperature to fluoresceinated second antibodies (1:200; Vector) or biotinylated secondary antibodies followed by streptavidinTexas Red conjugate (1:200; Invitrogen). 4Ј,6Ј-diamidino-2-phenylindole (DAPI, Fluka) was used to counterstain cell nuclei. For BrdU immunostaining, the sections were incubated in 2 N HCl for 20 minutes at 37°C, exposed to anti-BrdU antibodies (1:500, Sigma) overnight at 4°C and reacted with fluoresceinated second antibody. The stained sections were mounted in Tris-glycerol supplemented with 10% Mowiol (Calbiochem).
For immunocytochemical labelling of cyclins, fixed cerebella were embedded in paraffin wax and cut in 5 m sections, which were treated with 3% H 2 O 2 for 10 minutes and incubated overnight at 4°C with anticyclin D1 (1:500, LabVision) or anti-cyclin D2 (1:500, LabVision) antibodies. The sections were incubated with secondary antibodies followed by the Vectastain Elite kit (Vector Laboratories) for 30 minutes each, and finally revealed by reaction with 3,3Ј-diaminobenzidine. The sections were counterstained with Haematoxylin, dehydrated and coverslipped.
Morphometric and quantitative analyses
Histological specimens were examined using a Leica DM 6000 CS confocal microscope. Quantitative and morphometric evaluations were made using the Neurolucida software (MicroBrightField) connected to an E-800 Nikon microscope via a colour CCD camera or using ImageJ programme (Research Service Branch, NIH; http://rsb.info.nih.gov/ij/).
All quantifications were performed blind to genotype on reconstructions of the entire E15 cerebellar primordium or of lobules IV/V of postnatal cerebella, obtained by combining confocal images (1-3 m, 40ϫ magnification). Usually, three sections per individual were examined and the obtained data were averaged. All groups contained sets of wild-type and Ccnd2 -/-littermates, and tissues derived from three or more litters were examined for each parameter. In embryonic cerebella, the SVZ was defined as the region between the VN and nascent cortical plate. In postnatal animals, the PWM was the region surrounding the DCN and extended along the axis of cortical folia, up to the inner GL border.
The number of interneurons/mm 2 was counted over the entire cortical lobules IV/V or DCN region in four to seven animals per group at P30 (at least three sections/animal; 981 cells from Ccnd2 -/-mice, 9834 cells from wild-type mice). Both ectopic and correctly positioned neurons were counted and reported in the histograms. The perikaryal size of the sampled neurons was measured with Neurolucida on samples of 120 cells from at least four mice/genotype. The obtained values of neuronal density were corrected by applying the Abercrombie formula (Abercrombie, 1946) to compensate for size differences in wild-type and mutant animals.
To determine the birthdates of ML interneurons, single intraperitoneal injections of BrdU (50 g/g body weight, dissolved at 5 mg/ml in 0.007 N NaOH in saline) were administered to P1, P5 or P10 mice (for each time point several hundred cells were sampled from three to six cases). For GL and DCN interneuron birthdating, single doses of BrdU were injected to pregnant E15 dams or postnatal pups (P1 or P5) of Pax2/GFP and Pax2/GFP/Ccnd2 -/-mice. The animals were killed at P30. The laminar distribution of BrdU-labelled cells was determined as described by Leto et al. (Leto et al., 2009 ) (at least 50 cells/case, three cases/age group). Briefly, the position of each cell was recorded as the distance from the Purkinje cell layer (positive for the ML, negative for the GL). Raw measurements were normalized relative to the layer thickness and represented as scatter diagrams, in which samples from different mice of the same set were pooled together.
The number of Pax2-positive nuclei/mm 2 was evaluated in the SVZ of E15 embryos (three sections/case, n4 wild type, n7 Ccnd2 ) and recorded the position of single and double-labelled nuclei in the PWM or in the cortical layers of lobules IV/V (three or four cases/time point/genotype). The total number of doublelabelled cells counted in wild-type mice was 137 at 2 hours, 429 at 24 hours and 1091 at 72 hours; in mutant mice, it was 50 cells at 72 hours (Fig. 5B,C) . The same procedure was applied to assess the distribution of cells double-labelled for BrdU and GFP in Pax2/GFP and Pax2/GFPCcnd2 -/-cerebella (two or three cases/age group/genotype). Cell death was estimated by counting caspase 3-immunopositive cells in the PWM at P1 and P5 (five sections/case, three cases/age/genotype).
To evaluate Pax2 expression level in young postmitotic interneurons, we measured the intensity of GFP fluorescence in BrdU-retaining cells in the PWM of Pax2/GFP or Pax2/GFP/Ccnd2 -/-mice, 72 hours after BrdU pulse. Green-fluorescence intensity, which is related to the level of Pax2 protein expression (Weisheit et al., 2006) , was measured by means of neurolucida on single confocal sections (48 cells/three wild-type mice, 50 cells/four Ccnd2 -/-mice) (Leto et al., 2009 ). To investigate cell cycle dynamics, BrdU was administered to E15 pregnant dams and P1 and P5 postnatal pups either 2 or 24 hours before harvest in order to evaluate the pool of dividing progenitors, the S-phase index and the proliferative fraction, as described in the Results (three to five cases/age group for both wild-type and Ccnd2 -/-mice, several hundred cells for each staining and each group) (Glickstein et al., 2009 ).
Analysis of transplanted interneurons
Donor cells in the host tissue were recognized by GFP expression. Phenotypes were identified according to morphological features and expression of type-specific markers (Leto et al., 2006 ). The same procedures described above were applied to measure the size and record the positions of donor interneurons in the recipient cerebella. Results obtained from different cases belonging to the same experimental set were usually pooled together.
Statistical analysis
Statistical significance was assessed by unpaired Student's t-test when two groups were analyzed. When three or more groups were considered, oneway ANOVA with Bonferroni's Multiple Comparisons Test was used; P<0.05 was considered to be statistically significant.
RESULTS
Expression of D-type cyclins during cerebellar development
To elucidate the role of cyclin D2 in the genesis of cerebellar GABAergic interneurons, we first examined the expression patterns of cyclin D2 and cyclin D1 in wild-type and Ccnd2
-/-mice at E15, P0 and P4 ( Fig. 1) . In wild-type embryos, the two proteins displayed a reciprocal distribution: most cyclin D1-labelled nuclei were densely packed in the VN (Fig. 1E,F) , whereas cyclin D2-expressing cells were almost exclusively found in the subventricular zone (SVZ, Fig. 1A ,B), the domain where Pax2-positive GABAergic interneurons are initially found (Maricich and Herrup, 1999; Zordan et al., 2008) . Both cyclins were expressed in the rhombic lip (Fig. 1A ,B,E,F), which is the origin of glutamatergic cerebellar neurons (Machold and Fishell, 2005; Wang et al., 2005) . In mutant embryos, there was no cyclin D2 labelling ( Fig. 1C,D ), but cyclin D1 retained the same expression pattern of wild-type cerebella ( Fig. 1G,H) . In wild-type cerebella at P0 ( Fig. 1I -P) or P4 ( Fig. 1Q -X), cyclin D2-positive cells were mostly localized in the PWM (Fig.  1I ,J,Q,R). Cyclin D1-positive nuclei were primarily aligned along a thin cellular rim immediately below the row of Purkinje cell perikarya (Fig. 1M ,N,U,V). Both cyclins were expressed in the external granular layer (EGL, Fig. 1I ,M,Q,U). In age-matched mutant mice, cyclin D2 staining was virtually absent, whereas cD1 expression retained the same distribution of wild-type cerebella 3465 RESEARCH ARTICLE Cyclin D2 and cerebellar interneurons ( Fig. 1O ,P,W,X). At all ages, the frequency of cyclin D1-positive nuclei in the SVZ or PWM was not different in Ccnd2
-/-or wildtype mice (see Table S1 in the supplementary material), showing that loss of cyclin D2 was not compensated by upregulation of cyclin D1.
Lack of cyclin D2 impairs the production and placement of all types of cerebellar GABAergic interneurons
To determine whether cyclin D2 function is required to generate stellate neurons but not other types of cerebellar interneurons (Huard et al., 1999) , we evaluated the frequencies of the different interneuron phenotypes and their laminar distribution in relation to cell birthdates. We first examined interneurons of the molecular layer (ML; basket and stellate cells), which are specifically labelled by anti-parvalbumin antibodies (PV) (Celio, 1990; Bastianelli, 2003) . As ML interneurons are primarily generated during postnatal development (Altman and Bayer, 1997) , wild-type and Ccnd2 -/-mice received single pulses of bromodeoxyuridine (BrdU) at P1 ( Fig. 2A,D ,E), P5 ( Fig. 2A,F ,G) and P10 ( Fig. 2A,H,I ; n3/4 cases for each genotype/age), and were examined at P30. At all ages of BrdU administration, the amount of ML interneurons double-labelled for PV and BrdU was dramatically lower in mutant than in wild-type cerebella ( Fig. 2A) . Accordingly, the density of PV-immunopositive interneurons in Ccnd2 -/-P30 mice was reduced by about 80% ( Fig. 2B ; Student's t-test, P<0.0001, n4 for both sets), but their perikarya were significantly oversized ( Fig. 2C ; Student's t-test, P<0.0001). In the mutant cerebella, PV immunostaining revealed the typical basket axon pinceaux surrounding Purkinje cell somata. PV-immunopositive interneurons, however, were distributed throughout the ML ( (Fig. 7B,C) .
In wild-type cerebella, the laminar position of ML interneurons born at different ages revealed the typical insideout sequence (Fig. 1J ,L,N) (Leto et al., 2009) . Surprisingly, this sequence was reversed in Ccnd2 -/-cerebella, where the placement of ML interneurons followed an outside-in progression ( To analyze interneurons of the granular layer (GL, Golgi and Lugaro cells) and of the deep cerebellar nuclei (DCN), we examined Pax2-GFP/Ccnd2 -/-mice. As these interneurons are mostly generated during late embryonic/early postnatal life (Altman and Bayer, 1997) , the mice received BrdU pulses at E15, P1 or P5, and were examined at P30 (Fig. 3) . In Ccnd2 -/-mice, GL interneurons were significantly reduced by about 25% (Fig. 3A, 
E,I; Student's t-test, P<0.01, n4 Ccnd2
-/-mice, n7 wild-type mice), whereas DCN interneurons were reduced by about 60% (Fig. 3C,G -/-mice). BrdU pulsed at P5 yielded some labelled nuclei in the GL of wild-type animals, but not in Ccnd2 -/-mice, suggesting a precocious exhaustion of GL interneuron production.
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Development 138 (16) The reverse sequence of laminar positioning of mutant interneurons was suggestive of abnormal migration. This idea was corroborated by the presence of ectopically placed interneurons. In adult Ccnd2
-/-cerebella, Golgi cells, identified by their size, dendritic morphology and strong expression of Pax2 protein in the adult (Maricich and Herrup, 1999) , were found in the ML (Fig.  3Q,R; 6.7% of the whole Golgi cell population), whereas some small PV-immunopositive ML interneurons were misplaced in the GL ( Fig. 3S ; 5.4% of the whole ML interneuron population). Finally, ectopically positioned interneurons were scattered in the white matter surrounding the DCN region of mutant cerebella ( Fig.  3T; 9 .7% of the whole DCN interneuron population).
Cell cycle dynamics of PWM progenitors in
Ccnd2
-/-cerebella In the embryonic cerebral cortex, loss of cyclin D2 modifies the duration of the G1 and S phases, leading to decreased proliferation and enhanced cell cycle exit of progenitors (Glickstein et al., 2009 ). Thus, we first evaluated the population of dividing progenitors in the PWM, visualized by Ki67 immunolabelling (Fig. 4A) . At E15 and P1, the fraction of Ki67-positive cells was similar in wild-type and Ccnd2
-/-mice. At P5, at the peak of ML interneuron production (Weisheit et al., 2006) , the value was steady in mutant cerebella, whereas it was considerably higher in wild-type animals (Student's t-test, P<0.0001) . Then, we compared the rate of incorporation of BrdU in PWM cells of wild-type and Ccnd2 -/-cerebella 2 hours after administration of the nucleotide analogue at E15, P1 and P5 (Fig. 4B) . In wild-type cerebella, the fraction of BrdU-labelled nuclei did not change between E15 and P1, but markedly increased at P5 (ANOVA with Bonferroni's Multiple Comparison Test, P<0.0001). In the mutant cerebella, equivalent values were obtained at E15 and P1, which were significantly higher than the corresponding ones of wild-type cerebella (Student's t-test; E15, P0.042; P1, P0.022). At P5, however, there was only a modest rise of BrdU-positive nuclei (ANOVA between E15, P1 and P5, P0.082), and this value remained largely lower than that obtained from age-matched wild-type cerebella P0.0016) .
To determine the rate at which proliferating PWM cells continue to divide or leave the cycle, we pulsed BrdU at E15, P1 and P5, and examined the animals 24 hours later by double immunostaining for BrdU and Ki67 (Fig. 4C) . In this material, BrdU-labelling highlights the population of dividing cells at the time of BrdU administration. Of these cells, those that are also stained by anti-Ki67 antibodies represent the 'proliferative' fraction that continue to divide 24 hours later (Glickstein et al., 2009 ). In the wild-type PWM, the 'proliferative' fraction significantly decreased between E15 and P1, and conspicuously increased at P5 ( Fig. 4B; ages (ANOVA, P0.29), and were significantly lower than those obtained from wild-type mice at E15 and P5 (Student's t-test, E15, P0.022; P5, P0.0009).
Delayed maturation and migration of postmitotic interneurons in Ccnd2
-/-cerebella The progenitors of cerebellar GABAergic interneurons upregulate Pax2 at the time of their last mitosis. Thereafter, the young postmitotic interneurons, which retain Pax2 expression throughout their differentiation, sojourn in the PWM for up to several days, before moving to their final destination (Leto et al., 2009) . At E15, the number of Pax2 positive cells/mm 2 in the SVZ was slightly, though not significantly, higher in Ccnd2 -/-than in wild-type mice ( Fig. 5A ; Student's t-test, P0.352), whereas a reversed situation was observed in the PWM at P1 (Fig. 5A ; Student's t-test, P0.121). At P5, however, the number of Pax2-positive cells/mm 2 of PWM was significantly higher in wild type than in mutant cerebella ( Fig. 5A ; Student's t-test, P<0.0001). To determine whether the schedule of interneuron maturation was altered in Ccnd2 -/-mice, we pulsed BrdU at P3 and killed the animals at different time intervals ( Fig. 5B-G ; parallel experiments in which BrdU was injected at P1 or P5 yielded similar results -not shown). In wild-type cerebella (Fig. 5B) , Pax-2/BrdU double-labelled nuclei were already observed at 2 hours, when they were mostly localized in the PWM. One and three days later, double-labelled cells appeared in the cortical layers, consistent with the progressive migration of young interneurons (Fig. 5B,D) . Strikingly, in Ccnd2 -/-cerebella, the first Pax-2/BrdU double-labelled nuclei were only observed 72 hours after administration of the nucleotide analogue, and they were almost exclusively confined within the PWM (Fig. 5C,E,F) . Accordingly, Pax2 staining intensity of these mutant nuclei was considerably fainter than that of their agematched wild-type counterparts (Fig. 5G, Student's t-test,  P<0 .0001). Pax2-positive/BrdU-retaining nuclei were eventually detected in the cortical layers of the mutant cerebella at longer intervals after BrdU pulse, but many of such cells were still in the PWM at the longest times examined (5 days, Fig. 5H,I ; 8 days, Fig.  5J,K) .
Given the delayed onset of Pax2 expression in Ccnd2
-/-cerebella, we applied anti-Sox2 antibodies to visualize progenitors in the PWM (see Fig. S2A -F in the supplementary material). Two hours after BrdU pulse, BrdU/Sox2 double-stained nuclei were present in both wild-type and mutant cerebella, but there were no Pax2/Sox2 double-labelled nuclei (see Fig. S2G -L in the supplementary material), indicating that Sox2 cannot be used to reveal interneuron progenitors prior of Pax2 upregulation.
To evaluate the possible contribution of cell death to the reduction of interneuron numbers (Huard et al., 1999) , we quantified the density of caspase 3-immunopositive cells in the PWM at P1 and P5 (see Fig. S3A ,B,D,E in the supplementary material). At both ages, the number of immunolabelled cells was moderately higher in mutant mice, but these differences were not significant (see Fig. S3C 
GABAergic interneuron defects in Ccnd2
-/-cerebella are cell autonomous To elucidate the relative contribution of cell-autonomous processes and environmental constraints to the phenotype of Ccnd2 -/-interneurons, we performed homo/heterochronic transplantation experiments. Cells from P7 Pax2/GFP wild-type cerebella were grafted to P1 or P7 wild-type or mutant hosts, and their fate was assessed 1 month later. Donor cells implanted in wild-type cerebella adopted host-specific phenotypes and laminar positions (Fig. 6A,C,D,F) , and the same result was obtained when these wild-type donors were exposed to the mutant environment (Fig.  6B,C,E,F) . In both P1 and P7 hosts, the phenotypic repertoires and laminar distributions acquired by interneurons grafted to wild-type or Ccnd2 -/-cerebella were not different ( Fig. 6C,F 
; Student's t-test for the positions of cells transplanted to Ccnd2
-/-versus wild-type cerebella; P1 host, P0.164; P7 host, P0.475), although there was a tendency for a more superficial localization of cells grafted to the mutant ML (Fig. 6C) . The latter cells consistently displayed typical phenotypes of ML interneurons, with no sign of ectopic homing of GL interneurons in the recipient ML. Notably, however, in the mutant cerebella, the perikarya of donor interneurons were larger than their counterparts implanted in wild-type recipients (Ccnd2 Fig. 6A,D with 6B,E) .
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In a second series of experiments, GFP-tagged wild-type or
Ccnd2
-/-cells were isolated at different embryonic and postnatal ages, and homo/heterochronically grafted to wild-type recipients (see Table S2 in the supplementary material). Seven days later, immature mutant interneurons were detected at the ML-EGL interface (Fig. 7A) , indicating that at least some Ccnd2 -/-cells were able to follow the typical migratory route of cerebellar interneurons. At 30 days, even though the number of surviving Ccnd2 -/-donors was always low, many transplanted interneurons displayed typical phenotypic traits and settled in canonical cortical positions (e.g. Fig. 7B,C) . Nonetheless, when entire populations of donor cells were compared, the laminar placement of mutant cells in the recipient cortex was significantly deeper than that of their wild-type counterparts in age-matched grafts ( Fig. 7D ; Student's ttest between the positions of P7 donor knockout versus wild-type cells in P7 cerebella, P0.02). In addition, whereas wild-type donors invariably acquired typical phenotypes and positions (not shown) (Leto et al., 2009) , numerous mutant interneurons were clearly ectopic, such as Golgi neurons misplaced in the ML (Fig.  7E-I ), or displayed abnormal features, including inverted orientation (Fig. 7G) or hybrid morphological traits (Fig. 7H,I ).
To reveal possible cell cycle-independent effects of cyclin D2 loss, we grafted P7 Ccnd2 -/-Pax2/GFP cells to age-matched wildtype cerebella and pulsed BrdU 2 hours after transplantation, to visualize donor cells that proliferate in the recipient environment. One month later, we failed to detect any Ccnd2 -/-interneurons that had incorporated BrdU (Fig. 7J-L) , indicating that virtually all donor interneurons originate from postmitotic cells. However, the cortical placement of these cells in the ML was deeper than that of both postmitotic and dividing wild-type cells transplanted in the same conditions (Student's t-test, P<0.0001 in both cases). Thus, the aberrant laminar fate of donor mutant cells does not depend on whether they proliferate in the recipient environment.
DISCUSSION
To determine whether cyclin D2 is required for the generation of specific interneuron subtypes, we compared the genesis of cerebellar GABAergic interneurons in wild-type and Ccnd2 -/-mice. We found that loss of cyclin D2 function disrupts the whole process of interneuron ontogenesis. The mutant cerebellum is characterized by abnormal proliferation rates of PWM progenitors, consistent with the distribution of cyclin D2 expression in wildtype cerebella. The generation of inhibitory interneurons is reduced and their maturation and migration are delayed, leading to aberrant homing in the cortical layers. These abnormalities become more severe during postnatal development, when ML interneurons are generated. Furthermore, transplantation experiments show that the peculiar traits of mutant interneurons are largely determined by cell-autonomous mechanisms. Together, these observations indicate that cyclin D2 is not required for neuronal specification and -/-(E) hosts produce ML interneurons scattered at different levels of the layer (F). ML, molecular layer; PL, Purkinje cell layer; GL, granular layer; dpg, days post graft. Scale bars: 30m in A,E; 50m in B; 40m in D.
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phenotype acquisition, but plays a crucial function in regulating the production and the number of interneurons belonging to different categories. Huard et al. (Huard et al., 1999) proposed that Ccnd2 -/-mice are affected by selective loss of stellate cells, because neurons in the ML (but not in the GL) are severely reduced in number, and basket axon pinceaux still enwrap Purkinje cell perikarya. These findings suggest that cyclin D2 is needed for the generation or differentiation of specific interneuron phenotypes. However, basket and stellate cells are thought to belong to a single class of interneurons, who acquire distinctive traits under the influence of local cues in the ML (Rakic, 1972; Sultan and Bower, 1998) . In particular, the powerful guidance mechanisms that attracts the axons of ML interneurons towards Purkinje cell perikarya (Ango et al., 2004; Sotelo, 2008) probably favour the acquisition of basket cell features, the pinceaux, by the sparse interneurons that populate the Ccnd2 -/-ML. Our observations show that all types of interneurons, including stellate cells, are present in the mutant cerebellum, but all interneuron populations are reduced, although to different extents. Furthermore, Ccnd2 -/-interneurons are larger than their wild-type counterparts and bear extensive dendritic and axonal arbours. The latter features are also developed by wild-type interneurons exposed to the mutant environment. Oversized cell bodies and neuritic arbours are typical of conditions such as partial neuronal degeneration, in which spared neurons expand their neuritic fields to compensate for the loss of innervation (Purves, 1988; NeppiModona et al., 1999) . Accordingly, Ccnd2
Loss of cyclin D2 function affects all types of cerebellar interneurons
-/-interneurons that reach maturity behave as healthy cells, capable of making contact with enlarged populations of potential partners. Thus, cyclin D2 appears to be crucial for determining the quantity rather than the quality of cerebellar interneurons.
Cyclin D2 regulates the amplification of PWM progenitors
Upon mitogen stimulation, D-type cyclins dimerize and activate specific cyclin-dependent kinases to control G1 phase progression (Sherr, 1995; Sherr and Roberts, 1999) . The duration of cell cycle, and notably of G1 phase, determines the balance between expansion of progenitor pools and neuronal differentiation (Salomoni and Calegari, 2010) . For example, during corticogenesis, cell cycle length varies in space and time to match specific neurogenic requirements (Lukaszewicz et al., 2005; Caviness et al., 2009 ). This regulation is impaired after loss of cyclin D2. In the developing neocortex, cyclin D1 is expressed in the VN, whereas cyclin D2 is active in intermediate progenitors of SVZ (Glickstein et al., 2007a) . Loss of Ccnd2 -/-function, which is not compensated for by ectopic upregulation of cyclin D1, hampers the expansion of the latter progenitors by lengthening the G1 phase and favouring cell cycle exit (Glickstein et al., 2009) . Consequently, the generation of inhibitory interneurons is defective (Glickstein et al., 2007b) .
In the cerebellum, the two cyclins also show a complementary distribution. Cyclin D2 is primarily expressed in SVZ and PWM, and it is not replaced by other cyclins (Ciemerych et al., 2002) . The progenitors of cerebellar interneurons divide in the PWM, where they are exposed to environmental signals that direct the sequential generation of different mature types (Carletti and Rossi, 2008; Leto et al., 2010) . In this process, the proliferation rates of progenitors must be finely modulated at different ontogenetic stages to produce interneuron subpopulations of desired sizes. Accordingly, in wildtype animals there is a brisk amplification of PWM precursors during the postnatal period when ML interneurons are generated. Cyclin D2 is an essential element of this mechanism.
Because of the lack of a selective marker to visualize interneuron progenitors, we could only evaluate proliferation parameters on the whole population of dividing cells in the PWM, which is heterogeneous (Lee et al., 2005; Grimaldi et al., 2009; Silbereis et al., 2009) . Nonetheless, the results were clear. Up to P1, the proliferation rates of Ccnd2 -/-cells were comparable with (and even slightly faster than) those of age-matched wild-type cerebella. Accordingly, the populations of interneurons produced during this period were moderately reduced. After birth, mutant progenitors failed to accelerate their mitotic pace and showed increased propensity to leave the cycle. As a consequence, the pool of proliferating cells was precociously exhausted and the production of ML interneurons dramatically dampened. The final number of interneurons could be also influenced by increased rates of cell death (Huard et al., 1999) . Our observations, however, indicate that such a mechanism does not contribute significantly to the mutant phenotype.
The activity of cyclin D2, and the ensuing regulation of proliferation rates and neuronal production, is under control of environmental signals. Transplantation of cerebellar cells of a defined age yields more interneurons in postnatal than in embryonic recipients (Leto et al., 2006) , suggesting that the former environment provides cues to expand the progenitor pool. Among such cues, potential candidates include basic fibroblast growth factor, which stimulates the proliferation of PWM cells (Lee et al., 2005) . In addition, cyclin D2 is a direct transcriptional target of sonic hedgehog (Shh) signalling (Simpson et al., 2009; Vaillant and Monard, 2009 ). The effects of Shh on the cyclin D2-expressing PWM cells are still unknown. However, Shh potently stimulates the proliferation in the EGL (Dahmane and Ruiz i Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999) and in the VN, which is the origin of all cerebellar GABAergic neurons (Huang et al., 2010) . Finally, cyclin D2 expression in the cerebellum is driven by thyroid hormones (Poguet et al., 2003) . In rodents, these hormones influence cell growth and differentiation during postnatal cerebellar development (Koibuchi, 2008) , and, notably, they promote the proliferation and maturation of GABAergic interneurons (Manzano et al., 2007) .
Cyclin D2 regulates the maturation rhythm of cerebellar interneurons
Loss of cyclin D2 function also impaired the differentiation of cerebellar interneurons. The maturation of juvenile interneurons in the PWM, evidenced by Pax2 upregulation, was severely delayed. Moreover, migratory processes were dramatically slowed down, and the typical inside-out sequence of laminar placement was reversed. It is difficult to relate these effects directly to cyclin D2-mediated regulation of mitotic activity. It is possible that the abnormal length of the G1 phase, which is crucial to secure appropriate exposure of the cell to fate-determining factors (Salomoni and Calegari, 2010) , may impair the ability of the postmitotic neuron to carry out its ontogenetic program on schedule. Laminar fate and acquisition of mature traits are temporally related to the birthdate of cerebellar interneurons (Leto et al., 2009; Leto et al., 2010) , highlighting the relevance of events occurring at the time of the last cell division. As a consequence, mutant cells may be unable to respond appropriately to spatio-temporally patterned environmental signals that direct their migration and differentiation. A mismatch between the rhythm of cell maturation and the ontogenetic evolution of the surrounding milieu could impair interneuron migration (Cameron et al., 2009 ), leading to a reverse sequence of laminar homing or ectopic placement. Transplantation experiments show that the mutant cerebellum is fully receptive and supportive to wild-type cells, showing that the abnormalities of Ccnd2 -/-interneurons are exclusively due to their intrinsic inability to follow otherwise efficient extrinsic cues. However, the observation that postmitotic Ccnd2 -/-donor cells are abnormally positioned suggests that the mutant interneuron phenotypes could be also produced by a cell cycle-independent effect, as recently proposed for cyclin D1 (Zhong et al., 2010) . In any case, the presence of all the types of GABAergic interneurons in the mutant cerebellum indicates that, although cyclin D2 function is required to keep normal maturation schedules, it does not impair the ability for acquiring fully mature morphological phenotypes.
The analysis of Ccnd2 -/-cerebella indicates that fine-tuning of cell cycle in SVZ and PWM is crucial to modulate the proliferation rates of progenitors and the ensuing maturation of young interneurons. The mechanism is particularly fragile when mitotic activity must be briskly accelerated to increase production. ML interneurons, which largely outnumber all the other types (Altman and Bayer, 1997) , are produced during a postnatal period that has about the same duration as the embryonic time-window when GL and DCN interneurons are born (Leto et al., 2006; Leto et al., 2009) . As a consequence, the mutant progenitors, which manage to maintain the required pace during embryonic life, dramatically fail after birth when huge quantities of ML interneurons must be generated within a short time. On the whole, these findings indicate that fine modulation of cell cycle dynamics is required to generate appropriate numbers of interneurons at due times. Cell cycle regulation may also influence the migration and differentiation of interneurons. Concerning the latter processes, however, cell cycleindependent roles of cyclin D2 cannot be excluded.
